Two new aerobic endosulfan-degrading fungal strains, Mortierella sp. strains W8 and Cm1-45, were isolated from soil contaminated with organochlorine pesticides. This is the first report on the biodegradation of endosulfan by Zygomycota. The strains isolated in this work degraded more than 70% and 50% of a and b-endosulfan, respectively, over 28 days at 25°C, whereas 8.2 mM of each a and b-endosulfan was added as the initial concentration in liquid cultures. Only a small amount of endosulfan sulfate, a persistent metabolite, was detected in both cultures, while these strains could not degrade endosulfan sulfate when incubated with endosulfan sulfate as the initial substrate. Both strains generate endosulfan diol as a first step in the degradation of endosulfan and then undergo further conversion to endosulfan lactone. The formation of these intermediates was confirmed by GC-MS. Mortierella spp. might be present as hyphae in contaminated soil because they were isolated using the soil washing method; therefore, these Mortierella spp. strains have potential for the bioremediation of contaminated sites with endosulfan. © Pesticide Science Society of Japan Keywords: bioremediation, endosulfan, endosulfan diol, endosulfan sulfate, Mortierella.
Introduction
Endosulfan is a broad-spectrum cyclodiene insecticide that has been used extensively for over 30 years on a variety of crops. 14) It is a mixture of two stereoisomers, a and b endosulfan, in a ratio of 7 : 3. Its toxicity is extremely high against fish and aquatic invertebrates, and it has increasingly been implicated in mammalian gonadal toxicity, genotoxicity and neurotoxicity; 13) however, endosulfan is still used as a pesticide in agriculture because it is more biodegradable than other cyclodiene pesticides with soil half-lives of 60 to 800 days. 19) In general, both isomers are degraded via sulfur oxidation or hydroxylation of the sulfite moiety to form the toxic metabolite endosulfan sulfate, or by hydrolysis to form the non-toxic metabolite endosulfan diol. In the environment, endosulfan sulfate is the major residue detected in soils and in plant and animal tissues after exposure to endosulfan. 15) Microbial degradation is a cost-effective and efficient way of remediating contaminated environments, and there have been many reports on the degradation of endosulfan using bacteria; 2, 7) however, there are few reports on the degradation of endosulfan using fungi. Previous studies have shown that Phanerochaete chrysosporium, 6) Trichoderma harzianum 5) and Aspergillus terreus 3) are able to degrade endosulfan. P. chrysosporium and T. harzianum generated endosulfan sulfate as the principal metabolite of endosulfan degradation.
Chlorinated pesticides, such as dieldrin, endorin, heptachlor, BHC and DDT, have been used extensively for the protection of crops and prevention of vector-borne disease. Their use has been prohibited in many countries since the 1970s because of their biological magnification, high toxicity and persistence in the environment. In 2004, they were assigned as persistent organic pollutants (POPs). Endosulfan is a compound used with caution and it is currently being discussed whether to designate it as POPs.
The objective of this study was to find a soil fungus or soil fungi which can degrade endosulfan without generation of the toxic metabolite endosulfan sulfate.
Materials and Methods

Soils
Four soil samples were used for the isolation of endosulfandegrading fungi. Three soil samples were collected from different agricultural sites (two in Kagoshima prefecture, one in Ehime prefecture) having a history of repeated endosulfan application until 2007 and 1990, respectively. One soil sample was collected from an old factory site (Niigata prefecture) contaminated with persistent organic pollutants (DDTs and HCHs). The basic properties of the four soils were determined and are shown in Table 1 . Endosulfan was not detected from all soil samples, but endosulfan sulfate had accumulated in soils A and B at concentrations of 1.0 mg/kg (dry weight) and 0.53 mg/kg (dry weight), respectively. (6, 7, 8, 9 ,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-6,9-methano-2,4,3-benzodioxathiepin 3-oxide) (97% purity), b-endosulfan (6,7,8,9,10,10-hexachloro-1,5,5a,6,9, 9a-hexahydro-6,9-methano-2,4,3-benzodioxathiepin 3-oxide) (97% purity), and endosulfan sulfate (6, 7, 8, 9 ,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-6,9-methano-2,4,3-benzodioxathiepin 3,3-dioxide) (98% purity) were purchased from Wako Pure Chemical Industries (Osaka, Japan), and endosulfan diol (1,4,5,6,7,7-hexachlorobicyclo[2.2.1]hept-5-ene-2,3-dimethanol) (98% purity), endosulfan ether (4, 5, 6, 7, 8, 8 -hexachloro-1,3,3a,4,7,7a-hexahydro-4,7-methanoisobenzofuran) (99% purity), and endosulfan lactone (4, 5, 6, 7, 8, 8 -hexachloro-4,7-methano1,3,3a,4,7,7a-hexahydroisobenzofuran-1-one) (98.5% purity) were purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany).
Chemicals a-endosulfan
Microorganisms and isolation of fungi from soil
Thirty-five strains of Trichoderma spp., isolated from raw wood cultivated with Lentinula edodes (Berk.) Pegler, were provided by Dr. Kenji Yokota (Tokyo University of Agriculture).
Soil dilution (soils A, B and C) and soil washing (soil D) were carried out to isolate soil fungi. Soil dilution was carried out as follows: one gram of each soil was mixed with 20 ml sterile distilled water using a Universal Homogenizer (Nihon Seiki Seisakusho, Tokyo, Japan), and then subjected to 10 Ϫ2 ,
10
Ϫ3 and 10 Ϫ4 dilutions. Aliquots of 100 ml of the resulting soil solutions were then placed onto a plate of Martin agar medium 8) containing chloramphenicol (0.25 g/l). The plates were then incubated at 25°C for 5 days. Fungal colonies were classified into several groups according to their morphology, growth rate, and color, and representatives of each group were picked up with a sterile needle and sub-cultured on potato dextrose agar (PDA; Difco Laboratories, Detroit, MI, USA) plates. Soil washing was carried out according to Gams and Domsch. 1) A 10 g soil sample was placed on the rough sieve of the sterilized soil washing apparatus. Ninety milliliters of sterilized water were added, and the apparatus was sealed. The apparatus was shaken vertically for 1 min and the water suspension was discarded through the drain tube (washing procedure). The washing procedure was repeated 20 times, after which soil aggregates were obtained on the fine sieve. The aggregates were aseptically transferred onto a plate of Martin agar medium, which was then incubated at 25°C for 5 days. The fungal colonies obtained were classified into several groups according to their morphology, growth rate, and color, and representatives of each group were picked up with a sterile needle and sub-cultured on PDA plates. Vol. 35, No. 3, 326-332 (2010) Degradation of endosulfan by Mortierella sp. 327 
Degradation experiments
All isolated fungi were grown on PDA agar medium in Petri dishes at 25°C. Fungal disks (6 mm diameter) were taken from the margins of fungal colonies grown for 14 days. Each fungal disk was transferred into 10 ml modified Czapek-Dox (MCD) liquid medium (glucose, 10 g; MgSO 4 · 7H 2 O, 0.5 g; NaNO 3 , 2.0 g; FeSO 4 · 4H 2 O, 0.01 g; K 2 HPO 4 , 1.0 g; Bacto™ Yeast extract (Difco), 0.5 g/liter, pH 7.6) in a sterilized 100 ml Erlenmeyer flask. After pre-incubation for 7 days, 50 ml of each a and b-endosulfan in acetone was simultaneously added to each inoculated flask (final concentration: 13.2 mM of each a and b-endosulfan). To prevent volatilization of endosulfan, the flasks were sealed with glass stoppers. The cultures were incubated statically for 14 days at 25°C. Endosulfan sulfate as an initial substrate (final concentration: 11.8 mM) also underwent a degradation test under the same conditions as endosulfan. As a control, cultures were killed by autoclaving (121°C, 15 min) after 7 days of pre-incubation. The cultures were homogenized with 15 ml acetone, and the residual biomass was removed by centrifugation at 3000 g for 10 min. An aliquot of 1 ml supernatant was transferred into a test tube and extracted with 5 ml hexane. Endosulfan was analyzed by gas chromatography with a 63 Ni electron capture detector (GC/ECD). GC/ECD was performed on an HP 6890 GC system linked to an HP 5890 detector and a 15 m column (HP50ϩ; J&W Scientific, Folsom, CA, USA). The oven temperature was programmed to increase from 150 to 200°C at 20°C/min and then from 200 to 280°C at 20°C/min. The retention times of a-, b-endosulfan and endosulfan sulfate were 7.69, 9.10 and 9.86 min, respectively. The recovery rate of a-, b-endosulfan and endosulfan sulfate in the control cultures was found to be 90-100%, which indicated that the extraction was efficient, and the analysis deviation was small (maximum S.E.ϭ0.57). The limit of quantitation was 10 mg/l for the three chemicals quantitated in this study. The time-course degradation experiment for endosulfan-degrading fungus was performed using a sterilized 100 ml Erlenmeyer flask with 10 ml MCD medium. The detection of a-, b-endosulfan was conducted every 7 days until 21-day incubation, in the same manner as described above. Concentrations of a-, b-endosulfan and endosulfan sulfate were calculated from the calibration curve.
Identification of endosulfan-degrading fungus
To identify endosulfan-degrading fungal species, DNA was extracted from pure cultures of fungus using a FastDNA Kit according to the manufacturer's instructions (Q-BIOgene). The internal transcribed spacer (ITS) region of ribosomal DNA was amplified using an ITS1-ITS4 primer set. 17) PCR amplification of the internal transcribed spacer (ITS) region of ribosomal DNA was performed using PCR Thermal Cycler Dice (TAKARA, Otsu city, Shiga, Japan), with 1 cycle at 95°C for 5 min, 35 cycles at 94°C for 30 sec, 55°C for 30 sec, and 72°C for 1 min with a final extension at 72°C for 10 min. DNA sequences were determined using an ABI 3130 Genetic Analyzer with a reaction kit (Big Dye Terminator v.1.1 Cycle Sequencing Kit; Applied Biosystems) following the manufacturer's instructions. The DNA sequence was compared with the sequences of known species in the GenBank database. All sequence data, including newly obtained and retrieved sequences, were aligned with the computer program ClustalX (available at http://bips.u-strasbg.fr/fr/Documentation/ClustalX/). Distance-based phylogenetic trees were generated by the neighbor-joining method 12) using the model of Jukes and Cantor.
4) The topology of phylogenetic trees was evaluated by bootstrap re-sampling (1000 replicates). Clustal W provided by the DNA Data Bank of Japan (available at http:// www.ddbj.nig.ac.jp/Welcome-j.html) was used for analyses.
Detection of metabolites in endosulfan degradation
Endosulfan-degrading fungi were grown in 30 ml MCD medium containing 8.2 mM of each a-and b-endosulfan for 14 days. The whole culture was homogenized and separated into a mycelial fraction and a fluid fraction by centrifugation. The fluid fraction was acidified to pH 2.0 with 0.1 N HCl and extracted three times with ethyl acetate. Ethyl acetate extracts were dried with anhydrous sodium sulfate, and evaporated to dryness. The concentrate was re-suspended in hexane. Endosulfan diol, endosulfan sulfate, endosulfan ether and endosulfan lactone were detected by GC/ECD. The oven temperature was programmed to increase from 150 to 200°C at 20°C/min and from 200 to 280°C at 20°C/min. The inlet temperature was set at 250°C. GC/MS analysis for confirmation of endosulfan diol, endosulfan sulfate, endosulfan ether and endosulfan lactone was performed with an HP6890 series gas chromatograph with a 30 m column (DB-5MS; J&W Scientific) interfaced with a mass selective detector (HP5973). The oven temperature was programmed to increase from 140 to 200°C at 10°C/min, 200 to 270°C at 2°C/min and 270 to 300°C at 30°C/min. The inlet temperature was set at 250°C.
Results
Degradation experiment
The degradation experiment was performed using 35 strains of Trichoderma spp. and 133 strains (Kagoshima: 48, Ehime: 38, Niigata: 47) of soil isolates. There was no endosulfan-degrading Trichoderma in this study; however, two fungi, isolated from soil D (Niigata Table 1 ) contaminated with organochlorine pesticides, degraded a and b-endosulfan, and were named strains W8 and Cm1-45. Strain Cm1-45 degraded 47.2% a-endosulfan and 25.1% b-endosulfan with 14-day incubation, and strain W8 degraded 53.3% a-endosulfan and 11.1% b-endosulfan. A further experiment was performed using strains W8 and Cm1-45. In the time-course degradation experiment, both strains degraded more than 70% and 50% of a and b-endosulfan, respectively, over 28 days at 25°C (Fig. 1) . Only 3.2 mM and 1.2 mM of endosulfan sulfate was detected in the cultures of strains W8 and Cm1-45, re-spectively. Endosulfan sulfate as an initial substrate was not degraded by strains W8 and Cm1-45. The recovery of endosulfan sulfate was found to be approximately 100%.
Identification of endosulfan-degrading fungus
The ITS rRNA gene sequences of strain W8 (501 nucleotides, GenBank accession no. AB542930) and Cm1-45 (501 nucleotides, GenBank accession no. AB542931) were compared with those of the fungal sequences in GenBank. Strains W8 and Cm1-45 exhibited high sequence similarities to those of Mortierellaceae fungi as shown by the constructed phylogenetic dendrogram (Fig. 2) . The highest sequence similarity (100%) was found with Mortierella verticillata (GenBank accession no. AY997063). Strains W8 and Cm1-45 were closely related with Mortierella verticillata.
Detection of metabolites in endosulfan degradation
In the ethyl acetate extracts of cultures from strains W8 and Cm1-45, four different peaks with a and b-endosulfan were detected by GC/ECD at retention times of 6.57, 5.69, 7.93 and 9.86 min. These peaks were assigned as endosulfan diol, endosulfan ether, endosulfan lactone, and endosulfan sulfate on the basis of the same retention time as authentic standards. The time courses of endosulfan degradation and endosulfan diol production by strains W8 and Cm1-45 are shown in Fig.  1 . When endosulfan was added to the MCD cultures, it decreased with the accompanying growth of strains W8 and Cm1-45, and endosulfan diol was produced. In contrast, no production of endosulfan diol, endosulfan ether or endosulfan lactone was detected in the autoclaved control cultures.
The full scan mass spectra of endosulfan diol, endosulfan ether, endosulfan lactone, and endosulfan sulfate are shown in Fig. 3a, b, c and d , respectively. Endosulfan diol, endosulfan ether, endosulfan lactone, and endosulfan sulfate have molecular ion peaks at m/z 360, 342, 358 and 422, respectively. The relative intensity of chlorination pattern was matched with the isotope ratio of Cl 6 in all detected metabolites. The metabo- 2 . Phylogenetic relationships of strains W8 and Cm1-45 isolated in this study and related species. The phylogenetic tree of ITS region sequences was generated by the neighbor-joining method. The tree was tested for support by performing bootstrap re-sampling (1000 replicates). Bootstrap values are given at branch points, and the accession numbers of each sequence employed are in parentheses. Bars indicate a relative distance of 0.1 in the ITS-based tree. lites were detected at retention times of 15.1 min, 11.4 min, 13.3 min, and 15.8 min in endosulfan diol, endosulfan ether, endosulfan lactone, and endosulfan sulfate, respectively, and these retention times and mass spectral patterns matched those of the individual standards.
Discussion
In the present study, two new aerobic endosulfan-degrading fungi, Mortierella sp. strains W8 and Cm1-45, were isolated from a soil contaminated with persistent organic pollutants. These strains degraded a and b-endosulfan by more than 70% and 50% in the liquid cultures, respectively, over 28 days at 25°C (Fig. 1) . This is the first report on the biodegradation of endosulfan by Zygomycota, such as Mortierellaceae, while endosulfan degradation has already been reported for Basidiomycota 6) and Ascomycota 5) groups. In previous reports, Phanerochaete chrysosporium degraded endosulfan by approximately 90% under carbon-deficient condition.
6) Trichoderma harzianum degraded it by approximately 40% in sucrose-mineral medium. 5) Interestingly, both strains isolated in this study have the same ITS sequence, but their growth patterns on the medium differ (Fig. 4) . Moreover, endosulfan diol productivity differed between the two strains. Strain W8 accumulated more endosulfan diol than strain Cm1-45, and W8 and Cm1-45 formed a small amount of endosulfan sulfate while Cm1-45 formed less than W8. It is suggested that both strains possess hydrolyzing and oxidative enzymes; however, it seems that the activities of both enzymes differ among strains.
Mortierella spp. have been reported to degrade 2,4-dichlorophenol 10) , 2,4-dichlorophenoxyacetic acid 16) , PCNB 9) and isoproturon.
11) These reports stated that Mortierella spp. potentially play a major role in the formation of hydroxylated metabolites. In the present study, both strains also showed the hydroxylation pathway to degrade endosulfan with the formation of endosulfan diol as a metabolite. Subsequent to the hydrolysis of endosulfan, most soil bacteria are capable of further oxidizing endosulfan diol to several other non-sulfur-con-taining metabolites. 15, 18) The formation of these intermediates, such as endosulfan ether and endosulfan lactone, was confirmed by GC-MS, while endosulfan ether and endosulfan lactone were detected at a smaller peak than endosulfan sulfate. A small amount of endosulfan sulfate, a persistent metabolite, was detected in both cultures. These strains could not degrade endosulfan sulfate when incubated with endosulfan sulfate as the initial substrate (data not shown). This indicates that endosulfan sulfate is a terminal end product of oxidation and does not undergo further conversion under these conditions.
Phanerochaete chrysosporium degraded endosulfan and generated endosulfan sulfate and endosulfan diol as principal metabolites. 6) Trichoderma harzianum degraded endosulfan, and its degradation appeared to be carried out first via the oxidation of endosulfan to endosulfan sulfate, followed by hydrolysis to endosulfan diol. 5) As shown in Fig. 5 , the putative pathway of endosulfan degradation by Mortierella sp. strains W8 and Cm1-45 is different from those of P. chrysosporium and T. harzianum. The compound given in parentheses was not detected in this study, but it is likely that endosulfan lactone is oxidized via endosulfan hydroxyether as described by Kullaman and Matsumura. 6) Sutherland et al. 15) reported that the formation of endosulfan diol as the initial step in the degradation of endosulfan occurs readily under alkaline conditions. They suggested that the formation of endosulfan diol was a result of chemical hydrolysis in their study using bacteria; therefore, they proposed that the pH of the medium for biodegradation studies of endosulfan be maintained below pH 7.0. 14) In the present study, the pH of strain W8 and Cm1-45 cultures was 6.7 at the end of the experiment. Moreover, our result showed that the control with heat-killed mycelia did not produce endosulfan diol. Thus, it is suggested that the formation of endosulfan diol as the initial step in the degradation of endosulfan occurs by biological means, not by a chemical reaction, in the case of fungi used in this study.
In this study, soil washing was used to isolate the fungi, which enabled removal of the spores, allowing only hyphae to be obtained from the soil. If fungi were present as spores in the contaminated soil, they were not active. Mortierella sp. was isolated using soil washing. It is suggested that this fungus is present as hyphae in contaminated soil. Thus, strains W8 and Cm1-45 are suitable fungi for the remediation of endosulfan in soil. We consider that fungi isolated by soil dilution were not active in soil; therefore, endosulfan-degrading fungi were not found in soil A and B. Trichoderma spp. were not able to degrade endosulfan; however, we think that Trichoderma spp. have degradation potential, as described by Katayama and Matsumura 5) . One strain of the Trichoderma spp. tested in the present study degraded only a-endosulfan by 80% under glucose-deficient conditions (data not shown), which might be due to their isolation source and the nutrient conditions of the degradation assay.
In conclusion, strains W8 and Cm1-45 appear to be suitable candidates for use in the bioremediation of contaminated sites with endosulfan. These strains belong to genus Mortierella (Zygomycota) and this is the first report on the biodegradation of endosulfan by Zygomycota. Both strains generate endosulfan diol as a first step in the degradation of endosulfan and then undergo further conversion to endosulfan lactone.
